The method for DNA fingerprinting of the 16S-23S rDNA intergenic spacer region was modified to increase resolution of bacterial strains by thermal gradient gel electrophoresis (TGGE) analysis. By utilizing the high melting temperature region of the tRNA gene located in the middle of the 16S-23S rDNA intergenic spacer region as an internal clamp for TGGE, multiple melting domain problems were solved. PCR primers lacking a stretch of GC-rich sequences (GC-clamp) amplified the intergenic spacer region more efficiently than GC-clamped primers. Therefore, PCR artifacts were avoided by using low, 17-cycle, PCR. The method was successfully applied to diverse bacterial species for strain differentiation by TGGE without requiring a special PCR primer set.
Introduction
Identification of microorganisms is fundamental to many microbiological applications. To study the ecology of a given species of bacteria in the environment, resolution to the species and subspecies level is required. For example, considerable effort is currently underway to distinguish among fecal contamination indicator bacteria in environmental waters at the strain level, and potentially, among human and non-human sources [1, 2] .
Analysis of the relatively polymorphic 16S-23S rDNA intergenic spacer region has become an increasingly used tool in bacterial identification. Due to the location of the IGS between conservative DNA regions, the length of 16S-23S rDNA intergenic spacer regions (IGS) are specific to bacterial species based on a genotypic species concept [3, 4] . Thus, polymorphic lengths of IGS can be used to identify bacterial species without intensive culture-dependent biochemical tests [5] [6] [7] [8] .
Because most of the IGS region is non-coding, its sequence is also polymorphic within the same species and even among the multiple rrn operons contained on a single bacterial chromosome. Escherichia coli has seven rrn operons which contain 16S-23S IGS regions that vary in size from 354 to 446 bp [9] . Restriction fragment length polymorphism (RFLP) analysis [10] [11] [12] [13] [14] [15] and heteroduplex analysis of the IGS [16] [17] [18] differentiate among closely related bacterial isolates, but these methods are typically not sensitive enough to detect just a few differences among base pairs, which is necessary for higher resolution at the strain-level [19, 20] . Thus, a major consideration for the development of a high resolution analytic tool to assay strainlevel diversity is the capacity to discriminate among small differences in DNA sequence.
Other high resolution methods have been used for bacterial strain differentiation. Ribotyping and repetitive PCR are two widely used DNA fingerprinting methods. These methods need non-sheared high quality DNA, since fragments length patterns created from whole genomes are analyzed. On the other hand, denaturing gradient and thermal gradient gel electrophoresis (DGGE and TGGE, respectively) need relatively short PCR-amplified DNA fragments. Phylogenetically meaningful DNA targets can be chosen to be amplified. DNA fragments with sequence differences as small as one base pair [21] can be resolved by denaturing gradient gel electrophoresis (i.e., DGGE) using a DNA denaturing agent such as urea to form the gradient [22] . Similar resolving power can be achieved on a non-gradient gel by applying a temporal temperature gradient during the course of the electrophoresis (i.e., TGGE). Consequently, gradient gel electrophoretic analysis has been well established as a useful tool to differentiate bacteria at the subspecies or strain levels [23] [24] [25] [26] [27] .
Despite the utility of denaturing gel electrophoresis, difficulty was encountered in resolving Escherichia coli strains by TGGE of the 16S-23S rDNA IGS. The purpose of this work is to examine potential problems of application of denaturing gel electrophoresis for 16S-23S rDNA IGS to differentiate among cultivated isolates at the subspecies or strain level. PCR artifacts [28] [29] [30] can generate complicated amplicons that result in lower TGGE band resolution. Another obstacle encountered with highly resolved TGGE gels is the presence of multiple melting domains (MMD) in DNA fragments [31, 32] . To improve TGGE resolution, we examined melting temperature (T m ) profiles of the 16S-23S rDNA IGS of various bacteria and tested the potential of using the high GC-content site at the tRNA coding region in 16S-23S rDNA IGS (e.g., E. coli, [33] ) as an internal self-GCclamp for TGGE. PCR product quality was also evaluated with different primer sets based on heteroduplex formation and extraneous band formation in TGGE gels. 
Materials and methods
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Bacterial strains and template DNA stock preparation
Ten E. coli strains, which have unique RFLP-types, were chosen for evaluation and optimization of the new method. DNA was prepared by the boiling method (modified from [36] ). Each strain was incubated in 1 ml of Luria-Bertani (LB) broth at 37°C overnight, followed by centrifugation and removal of the supernatant. The pellet was resuspended in 2.5 ml of MilliQ water and was heated at 95°C for 15 min to lyse cells. All samples were stored at À70°C. Other bacterial cultures were either purchased from Carolina Biological Supply Company (Burlington, NC) or isolated from the environment. The identity of all bacteria used was confirmed with the API-20E battery of tests (bioMérieux sa lÕEtoile, France). Isolates were cultured in 1 ml LB broth at 37°C overnight, and DNA templates were prepared with the conventional DNA extraction method of proteinase K treatment with SDS followed by phenol-chloroform and chloroform extraction and 70% ethanol washing steps. The DNA was eluted in 100 ll of TE buffer and a tenfold dilution was used for PCR.
PCR amplification of the 16S-23S rDNA IGS
Four primers were tested with E. coli strains. Sequences of bacterial universal forward and reverse primers for 16S rDNA and 23S rDNA, RS1 (5 0 -GAAGTCGTAACAAGG-3 0 ) and RS2a (5 0 -CAG-GGCATCCACCGT-3 0 ), were used as designed by Jensen et al. [5] , except that RS2a was slightly modified. GC-clamped primers, gcRS1 and gcRS2a, were made by attaching a 40-mer GC-clamp (5 0 -CGCCCGG-GGCGCGCCCCGGGCGGGGCGGGGGCACGGG-GGG-3 0 ) [37] to primers RS1 and RS2a, and were coupled with RS2a and RS1 for PCR, respectively. The PCR mixture contained 0.40 lM of each forward and reverse primers, 200 lM of each dNTP, 2 Units/ 100 ll AmpliTaq Gold DNA polymerase with 1· PCR buffer and 2.5 mM MgCl 2 (Perkin Elmer, Branchburg, NJ), and 10 ll template in a 65 ll total volume. PCR was run on a PCT-200 DNA Engine (MJ Research Inc., Waltham, MA) using the calculated control mode.
After the activation of the AmpliTaq Gold DNA polymerase by preheating at 95°C for 10 min, PCR cycles followed; denaturation at 94°C for 15 s, annealing at 55°C for 4 min, and elongation at 72°C for 4 min (modified from [16] ). Final elongation was carried out at 72°C for 7 min after given PCR cycle numbers. For PCR with GC-clamped primers, a higher annealing temperature (59°C) had to be used to amplify the target. PCR products from 15-, 17-, 18-, 20-, and 25-cycle PCR were compared to see the influence of PCR cycle number to PCR artifacts. All PCR products were verified by electrophoresis on 2% agarose gel with 1· Tris-borate (TBE) buffer with ethidium bromide staining. For non-E. coli bacteria, only clampless primers, RS1 and RS2a, were used. Bacterial species were reconfirmed by species-specific electrophoretic patterns on the agarose gels.
Detection of heteroduplex bands by native polyacrylamide gel electrophoresis (native PAGE)
Native polyacrylamide gel electrophoresis (native PAGE) was performed for 17-cycle and 25-cycle PCR products that were amplified using primers lacking GC-clamps for E. coli 16S-23S rDNA IGS. After electrophoresis with 1 mm · 20 · 20 cm 4% polyacrylamide (40% acrylamide/bis solution, 37.5:1, Bio-Rad, Hercules, CA) gel in 1· TBE at 14 V/cm for 3 h, the gel was stained with SYBR Green I and examined on a FOTO/UV 300 Ultraviolet Transilluminator. The 25-cycle PCR products were treated with Mung Bean Nuclease (New England Biolabs, Inc., Beverly, MA) to digest single stranded DNA [28] . The bands on native PAGE that appeared only in PCR products untreated with Mung Bean nuclease were scored as heteroduplex bands.
Temporal thermal gradient gel electrophoresis (Temporal TGGE)
Temporal TGGE was conducted in a BioRad DCode System (Bio-Rad, Hercules, CA) with the 1 mm · 20 cm · 20 cm gel. Normally, 6% polyacrylamide concentration is used for TGGE with 500 bp DNA fragments. However, in this study although PCR products were ca. 500 bp in size, 10% polyacrylamide (40% acrylamide/bis solution, 37.5:1, Bio-Rad, Hercules, CA) was employed to denature only the DNA regions flanking the tRNA gene within the 16S-23S rDNA IGS (135-230 bp long). The urea concentration in the gel was 6 M and 1.25· TAE buffer concentration was used. 8-10 ll of each PCR product was examined. 14-h 10-min electrophoresis was carried out in 1.25· TAE buffer at 130 V with a temperature gradient from 58 to 66.5°C, and a ramp, 0.6°C/h. After TGGE, the gel was stained with SYBR Green I or SYBR Gold and visualized on a UV Transilluminator.
Results and discussion
In silico analysis of T m domains in 16S-23S rDNA IGS
Typical bacterial 16S-23S rDNA IGS regions contain either one or two tRNA genes. E. coli has seven operons which form two groups based on the tRNA coding regions [38] . IGS I operons (rrnE, rrnC, rrnB, and rrnG) contain a tRNA-glu gene, which has 64% G + C content [33] . IGS II operons (rrnA, rrnD, and rrnH) contain both tRNA-ala and tRNA-ile genes, but only the tRNA-ala region has a high G + C content (63%). PCR primers RS1 and RS2a are predicted to generate (in silico) a DNA fragment with a high G + C region in the middle of the fragment corresponding to the tRNA gene. The upstream and downstream flanking regions of the tRNA sites have lengths of 137-239 bp, and low G + C content of 40-48% (Table 1 ). Fig. 1 shows T m profiles of IGS I and IGS II represented by operons rrnB and rrnA of K12 MG1655, respectively. Because of high G + C of the tRNA genes, both IGS groups possess the high T m region in the middle sequences of the PCRamplified DNA fragments. The T m difference between the internal fragment high and low G + C sequences is ca. 10°C. During the course of a TGGE run, the tRNA-glu and tRNA-ala regions do not appear to denature at a temperature that is high enough to denature their flanking regions.
TGGE with or without GC-clamped PCR products
The PCR primer set without GC-clamps generated adequate amounts of amplified DNA fragments (ca. 500 bp) for TGGE analysis in PCR cycles as few as 17 . Those products showed sharp bands on TGGE gels with low background smearing (Fig. 2, lanes 1, 3, 5 , and 7). In contrast, primer set RS1 + gcRS2a barely amplified the target region in 25-cycle PCR, and the PCR products migrated far down the TGGE gel without resolving bands (data not shown). The 25-cycle PCR with primer set gcRS1 + RS2a generated more DNA product than primer set RS1 + gcRS2a, and the products resolved into multiple bands on TGGE. However, the band spreading was noticeable and the background smearing was significant. It was difficult to distinguish between closely occurring bands under these conditions (Fig. 2, lanes 2, 4, 6, and 8) . Neither of the GC-clamped PCR products resolved into bands on the TGGE gel when 17-cycle PCR was employed, even when they were concentrated.
To optimize TGGE analysis with GC-clamp: (1) lower polyacrylamide concentration (6%), (2) higher urea concentration, and (3) greater temperature ranges were employed in an attempt to denature the entire GC-clamped PCR product. None of the typical conditions suitable for GC-clamped PCR products gave TGGE bands as sharp as those of DNA products lacking a GC-clamp. Problems of low resolution of the GCclamped PCR products were likely caused by multiple melting domains, MMD, contained in the PCR products [31] . When a PCR fragment is shorter than 300 bp and the high melting temperature site in the middle of the fragment sequence is shorter than 100 bp, a GC-clamp can solve the MMD problem [32] . However, the E. coli 16S-23S rDNA IGS-amplified DNA fragment is about 500 bp, and the high T m domains are larger than 200 bp. The typical solution in this situation is to divide the target DNA into two shorter fragments and analyze both separately thereby doubling the processing effort. Since some operons have different lengths and sequences on only one of the tRNA flanking regions [38] , using a single flanking region of the tRNA gene will lower the analytical resolution. Furthermore, if the 16S-23S rDNA IGS region of E. coli was divided at the tRNA gene, four additional primers would be needed for two different tRNAs, and at least four sets of PCR fragments would be generated per isolate. Each PCR set would require specific TGGE conditions. Thus, it is impractical to analyze shorter pieces of the IGS amplicon separately. PCR products without a GC-clamp are, in conclusion, preferable for maximum band resolution in TGGE analysis of the 16S-23S rDNA IGS because of the unique T m properties of the IGS region.
PCR optimization for TGGE analysis
The 16S-23S rDNA IGS of all 10 E. coli strains showed unique banding patterns comprised of 2-6 TGGE bands when amplified with 17-cycle PCR (Fig.  3(F) ). More than seven bands were observed on TGGE gels when the PCR cycle number was increased to 18 or greater. Since E. coli has seven rrn operons, additional bands on the TGGE gel are likely the result of PCR artifacts. Obvious heteroduplex bands were observed on native PAGE in 25-cycle PCR products (Fig. 3(A) ). The heteroduplex bands disappeared when 25-cycle PCR products were treated with Mung Bean nuclease [28] , and showed the same banding patterns as 17-cycle PCR products on the native PAGE gel (Fig. 3(B) and (C)). However, the nuclease treatment did not eliminate all the extra TGGE bands of 25-cycle PCR products (Fig. 3(D) and (E)). Mung Bean nuclease has low efficiency when the single-stranded region is short [39] . Resolution of nuclease-treated bands containing only short single stranded regions is probably better in TGGE than in native PAGE. Another possible explanation for the presence of additional TGGE bands in nuclease-treated 25-cycle PCR products is that they are not heteroduplexes but other PCR artifacts. High PCR cycles increase the likelihood of detecting the DNA products of misannealing and chimera formation [40] . Here, only 17-cycle PCR products were reproducible in TGGE gels. Some of the extra DNA bands observed in 25-cycle PCR by TGGE were not reproducible. Since TGGE has high resolving power that can detect even a single base difference [21] , elimination of irreproducible PCR artifacts for TGGE analysis is vital. For E. coli 16S-23S rDNA IGS, when a non-GC-clamp primer set was used, simply Fig. 3 . Native PAGE gels (A, B, and C) and TGGE gels (D, E, and F) of 16S-23S rDNA intergenic spacer region fragments for E. coli strains. Gels were loaded with DNA products generated by 25-cycle PCR (A and D), with products generated by 25-cycle PCR and digested with Mung Bean nuclease (B and E), and with products generated by PCR with 17 cycles (C and F). Lanes on both ends are DNA markers (20 bp DNA ladder on A, B, and C; 50 bp DNA ladder on D, E, and F). Lanes 1-9 are PCR products of E. coli strains (from lanes 1 to 9: WAQ11W-3, WAQ12W-2, WAQ10S-1, A277-1, A277-3, B577-4, B587-3, D296-2, and D308-4). Lane 10 is E. coli strain K12-MG1655.
decreasing the PCR cycle number improved the quality of the subsequent TGGE gel. In addition, with 17-cycle PCR, we did not observe an uncharacterized larger third E. coli IGS band on agarose gels whose origin was reported as unknown [5, 24] . The third band may be a PCR artifact introduced by using high PCR cycles.
16S-23S rDNA IGS-TGGE analysis with PCR primers lacking a GC-clamp for differentiation of bacterial strains
Although each of the seven rrn operons in E. coli K12-MG1655 has a unique sequence, only six bands were observed on TGGE gels (Fig. 3(F), lane 10) . This discrepancy between band number and actual DNA sequence variation has been observed previously [24, 27] . Downstream flanking regions of the tRNA-ala of rrnA and rrnD are identical [41] . The upstream sequences of the tRNA-ala of rrnD and rrnH are also identical. Therefore, either set may migrate to the same position in the TGGE gel. E. coli K12 has atypically high sequence heterogeneity among its operons. Most of the E. coli ECOR strains sequenced by Antó n et al. [38] had less sequence heterogeneity than strain K12 among their operons. Strains that have fewer TGGE band numbers may have fewer polymorphic sequences on one or both of the tRNA flanking regions. It is also possible that a single band is composed of different sequences [31, 42] . However, combinations of the seven rrn operons make the banding pattern of each strain different enough to distinguish one from another even if some of the bands migrate to the same position.
Potential use of clampless PCR-TGGE to differentiate among subspecies of bacteria
Subspecies differentiation by clampless TGGE was performed with 16S-23S rDNA IGS in bacteria other than E. coli. The amplified DNA of all strains of nine Gram-positive and Gram-negative bacterial species tested showed sharp unique banding patterns on TGGE gels (Fig. 4) . Therefore, the ability to resolve among strains of diverse bacteria was high, and at least for those tested bacteria, a GC-clamp was not necessary for 16S-23S rDNA IGS analysis by TGGE. Physiologically different strains of Klebsiella pneumoniae (by API-20E, and morphology on eosin methylene blue agar and MacConkey agar) showed unique TGGE banding patterns (Fig. 4(A) ). The sequence similarity, and size, of 16S-23S rDNA IGS is greater within a species than among different species even though IGS contains mostly non-coding sequences. This species-specific property of the 16S-23S rDNA IGS sequence might have been reflected in the TGGE banding positions (Fig.  4(B) ). All Enterobacter aerogenes strains showed banding patterns that have two groups of migration positions in single strains, and one of the positions was at the high T m position. Most of the bands of Enterobacter cloacae migrated to a relatively narrow range in the midst of the total band range of all tested species. Pseudomonas aeruginosa has four operons [43] but 2 tested strains showed only one or two bands at the low T m position. Finally, all Citrobacter freundii bands were at relatively low T m positions.
Copy numbers and types of tRNA genes contained in the bacterial 16S-23S rDNA IGS are diverse among species as well as among their individual operons. Currently, the RISSC [34] contains 2466 bacterial 16S-23S rDNA IGS sequences, which can range from 28 to 3074 bp. Among these IGS sequences, 31% are shorter than 300 bp. MMD is a potential problem when analyzing uncharacterized DNA such as environmental bacterial isolates [31] . As shown here, self-clamped PCR is a preferable solution for the MMD problem, especially when the DNA fragments are larger than 300 bp. Therefore, for these short IGS fragments, a GC-clamped primer for PCR can generate an optimal T m profile for TGGE analysis. On the other hand, TGGE analysis is typically useful for DNA fragments shorter than several hundreds base pairs. 11% of the sequences in RISSC database are longer than 700 bp, and resolution of TGGE analysis would likely not be high with these long DNA fragments. IGS sequences in the 300-700 bp size range occupy 57% of the RISSC bacterial IGS database. 61% of this size range has tRNA genes with high G + C content (tRNA-ala or tRNA-glu). Although the rest of IGS sequences in the 300-700 bp size range have no coding region of tRNA, or have only tRNA-ile gene, which does not have high G + C content, the T m profile of most of them still showed a high T m domain within the sequences. Therefore, clampless PCR-TGGE analysis should be useful for most 16S-23S rDNA IGS fragments in a TGGE-preferable size range as a simple solution for unknown MMD targets.
In conclusion, the RS1/RS2a primers without a GCclamp have potential use as a universal bacterial primer set for the molecular characterization of bacterial strains. A clear advantage of this method is relatively quick turn-around and low cost compared to other molecular methods. Although the method in this study is limited to bacteria species that can be isolated and cultivated in the laboratory, a further advantage of analyzing 16S-23S rDNA IGS compared to whole-genome DNA fingerprinting methods is use in extended applications. For example, the direct analysis of specific bacteria from community DNA extracts can be accomplished by designing a species-specific primer set for the 16S and 23S rDNA sites.
